Objective-The high-density lipoprotein (HDL) receptor scavenger receptor Class B type I (SR-BI) plays a key role in mediating the final step of reverse cholesterol transport. This study examined the possible regulation of hepatic SR-BI by phosphatidylinositol-3-kinase (PI3K), a well known regulator of endocytosis and membrane protein trafficking. Methods and Results-SR-BI-dependent HDL selective cholesterol ester uptake in human HepG2 hepatoma cells was decreased (Ϸ50%) by the PI3K inhibitors wortmannin and LY294002. Insulin increased selective uptake (Ϸ30%), and this increase was blocked by PI3K inhibitors. Changes in SR-BI activity could be accounted for by pronounced changes in the subcellular localization and cell surface expression of SR-BI as determined by HDL cell surface binding, receptor biotinylation studies, and confocal fluorescence microscopy of HepG2 cells expressing green fluorescent protein-tagged SR-BI. Thus, under conditions of PI3K activation by insulin, and to a lesser extent by the SR-BI ligand HDL, cell surface expression of SR-BI was promoted, resulting in increased SR-BI-mediated HDL selective lipid uptake. 
A major atheroprotective function of high-density lipoprotein (HDL) is to promote the reverse cholesterol transport pathway. 1, 2 This pathway enables the removal of excess cholesterol from peripheral tissues and its delivery to the liver. Other cardioprotective effects of HDL may result from its anti-inflammatory and antioxidant properties and its role in endothelial nitric oxide synthase activation. The HDL receptor, scavenger receptor class B, type I (SR-BI), plays a key role in the terminal step of the reverse cholesterol transport pathway by promoting cholesterol ester uptake from plasma HDL into the liver and increasing biliary secretion of cholesterol and bile acids. 3 Selective cholesterol ester uptake involves the preferential transfer of cholesterol ester from HDL into cells without accumulation or degradation of HDL apolipoproteins. The reverse cholesterol transport hypothesis is strongly supported by mice studies recently published by Zhang et al. 4 These studies clearly demonstrated reverse cholesterol transport from macrophages to the liver and the key role of hepatic SR-BI in this pathway.
SR-BI is an 82-kDa glycosylated transmembrane protein expressed in various tissues, most prominently at sites of highest HDL selective lipid uptake, namely liver and steroidogenic tissues. 5, 6 In polarized cells, SR-BI is known to be localized largely at the plasma membrane, either apically (eg, enterocytes 7 ) or basolaterally (eg, hepatocytes 8 and MadinDarby canine kidney [MDCK] cells 9 ). Several reports have indicated that SR-BI functions as an endocytic receptor, particularly in polarized cells such as hepatocytes 8 and kidney (MDCK) 10 cells, and it has been proposed that selective lipid uptake from HDL occurs during SR-BI-mediated HDL recycling within cells. 8 Other studies, however, have provided strong evidence that selective lipid uptake does not depend on HDL internalization by SR-BI and that the bulk of selective lipid uptake occurs at the plasma membrane. 11, 12 The importance of SR-BI in the regulation of HDL levels, as well as in biliary cholesterol secretion, has been well demonstrated in studies of SR-BI genetically altered mice. 3, 13 In addition to functioning in the liver as an HDL receptor, SR-BI also contributes to the metabolism of chylomicron remnants. 14 Several reports have demonstrated an SR-BI-dependent activation of phosphatidylinositol-3-kinase (PI3K), by HDL. 15, 16 PI3K is an extensively studied signaling molecule which is known to play a key role in a wide range of biological processes. 17, 18 A major role of PI3K is its involve-ment in endosomal membrane trafficking, which includes effects on the recruitment of regulatory proteins to the plasma membrane and effects on the endocytic uptake and recycling of receptors 19, 20 . Whether the activation of PI3K by HDL influences SR-BI function or trafficking is unknown. The regulation of SR-BI subcellular distribution in adipocytes by insulin and angiotensin II acting through PI3K was recently reported. 21 In the present study, we investigated the role of PI3K in SR-BI function and subcellular localization in hepatocytes. Our results clearly demonstrate that SR-BI localization at the cell surface of hepatocytes is dependent on PI3K activation. Membrane recruitment of SR-BI and its ability to mediate selective uptake is markedly enhanced by insulin, most likely through its ability to activate PI3K, whereas PI3K inhibition results in a largely cytoplasmic distribution of SR-BI and reduced selective lipid uptake. These findings suggest that SR-BI function may be altered in insulin-resistant states in a manner that contributes to the dyslipidemia and cardiovascular risk associated with insulin resistance.
Materials and Methods

Cells and Treatments
Human hepatocellular liver carcinoma (HepG2) cells (American Type Culture Collection) were cultured in minimum essential ␣ medium (GIBCO) supplemented with 10% heat-inactivated fetal bovine serum, 50 U/mL penicillin G, and 50 g/mL streptomycin (all from Invitrogen). For SR-BI overexpression, cells were plated in 12-well plates and once 70% to 80% confluent, were transduced with adenovirus containing SR-BI vector (Ad-SRBI) 7 or empty vector (Ad-Null) at a multiplicity of infection of 20 in full medium for 18 hours. After 18 hours, medium was replaced with fresh medium and cells were used for experiments.
HDL Isolation and Radiolabeling
HDL 2 and HDL 3 were isolated by sequential ultracentrifugation from human plasma as described previously. 22 22 The integrity and purity of radio-labeled HDL preparations was verified by SDS-PAGE and nondenaturing gradient gel electrophoresis.
HDL Binding, Cell Association, and Selective Lipid Uptake
HDL cell association assays were performed in cell medium containing 0.2% BSA instead of serum as previously reported. 22 Where indicated, cells were pretreated for 45 minutes and then assayed in the presence of insulin (Sigma, 200 nM) or the PI3K inhibitors wortmannin (200 nM) or LY294002 (50 mol/L; both purchased from BIOMOL). For 4°C binding experiments, the activator or inhibitors were present only during the 37°C preincubations, and media was buffered with 20 mmol/L HEPES instead of bicarbonate. After incubation, cells were washed, solubilized in 0.1 N NaOH, and lysate protein and radioactivity were then measured.
125
I represented HDL protein association according to the protein tracer, and 3 H represented that according to the cholesterol-ether tracer. The trichloroacetic acid (TCA)-soluble degraded material in cell medium was assayed as described. 22 The values are expressed as apparent HDL protein uptake, assuming the uptake of intact holoparticles. This was done to compare the association of both tracers on the same basis. Selective uptake is defined as The Serine/Threonine Kinase Phosphorylation Assay PI3K-mediated phosphorylation of the serine/threonine kinase (Akt) was determined by immunoblotting using anti-pAkt S473 (1:750 dilution; Cell Signaling Inc). Blots were then stripped using stripping solution from Pierce and immunoblotted for total Akt using anti-Akt (1:750 dilution; Cell Signaling Inc)
Cell Binding of Fluorescently Labeled HDL
Human HDL 3 was labeled with Alexa 568 dye according to the manufacturer's instructions (Molecular Probes). Cells were grown on glass coverslips until 50% to 70% confluent. Eighteen to twenty-four hours after incubation with Ad-Null or Ad-SRBI, cells were washed with ice-cold PBS and incubated at 4°C for 2 hours with 20 g/mL of Alexa-labeled HDL in serum-free medium containing 0.2% BSA and 20 mmol/L HEPES. For PI3K inhibition studies, cells were washed with PBS and treated for 45 minutes with wortmannin at 37°C before incubation with Alexa-labeled HDL. After incubation with the ligand, cells were washed, fixed with 1% paraformaldehyde in PBS, and mounted on glass slides with vectashield mounting medium (Vector Labs). Cells were analyzed with a Leica TCS confocal laser scanning fluorescence microscope.
Biotinylation of Surface SR-BI
Biotinylation of intact cells was conducted using 0.5 mg/mL EZLink sulfo-NHS-Biotin (Pierce) in the cold as described elsewhere. 9 Cell lysates (25 to 50 g) were incubated with 50 L of BSAblocked streptavidin beads suspension (Novagen) for 16 hours at 4°C and pelleted by centrifugation; the supernatant and pellet represent intracellular and surface proteins, respectively. Proteins were dissociated from the pellet by boiling with SDS loading buffer and analyzed by SDS-PAGE and immunoblotting using anti-SR-BI antibody recognizing the C-terminal tail of SR-BI. 9 
Green Fluorescent Fusion Proteins
Enhanced green fluorescent fusion protein-SR-BI (EGFP-SRBI) fusion protein-encoding plasmid produces a protein consisting of an N-terminal EGFP tag followed by full-length murine SR-BI. 9, 23 Plasmids encoding EGFP-SRBI or EGFP alone were electroporated into cells using a nucleofector (Amaxa Biosystems). Cells were used 24 to 48 hours after transfection. For experiments, EGFP and EGFP-SRBI transfected cells were serum deprived for at least 3 hours and then treated with 40 g/mL HDL 3 or insulin (200 nM), either with or without wortmannin, for the indicated time periods. Cells were then washed, fixed, and analyzed by confocal microscopy as described above.
Statistical Analysis
Data are expressed as meanϮSD. Significance was determined by paired t test or 1 way-ANOVA followed by Bonferroni's post test as appropriate. PϽ0.05 was regarded as significant.
Results
PI3K Regulates SR-BI-Mediated Selective Lipid Uptake
Because PI3K has been implicated in endosomal trafficking, including the endocytic uptake and recycling of receptors, we assessed the possible effect of PI3K on SR-BI-dependent hepatic selective lipid uptake from HDL. HepG2, a human hepatoma cell line, was used as a hepatocyte model system. HepG2 cells express some endogenous SR-BI, and SR-BIspecific function was addressed by increasing SR-BI protein levels using adenovirus-mediated gene transfer as shown in Figure 1A . First, we determined whether PI3K activation affects selective lipid uptake from HDL. To this end, we analyzed the effects of wortmannin, a known PI3K inhibitor, on SR-BI-mediated selective lipid uptake. Cells were pretreated with wortmannin for 45 minutes, and selective lipid uptake was measured in serum-free medium that contained HDL in the presence or absence of inhibitor for 2 hours. As shown in Figure 1 , we found that wortmannin significantly decreased selective lipid uptake from HDL (Ϸ50%) in Ad-Null cells ( Figure 1B ) as well as in Ad-SRBI cells overexpressing SR-BI ( Figure 1C ). LY294002, a less specific PI3K inhibitor, was also shown to inhibit selective lipid uptake (data not shown). PI3K inactivation by wortmannin in both Ad-Null and Ad-SRBI cells, as well as its activation by HDL, was confirmed by an analysis of Akt phosphorylation ( Figure 2 ). As shown previously 15, 16 we found that HDL 3 , HDL 2 (not shown), and insulin-induced Akt phosphorylation at position Ser473. Wortmannin blocked the phosphorylation of Akt in each case indicating PI3K-dependent phosphorylation. In addition, LDL, a known ligand for SR-BI, also activated Akt in both cell types.
We next determined whether PI3K activation regulates SR-BI-dependent selective lipid uptake. PI3K activation after insulin treatment was found to stimulate selective uptake (Ϸ30%) ( Figure 3A ). This increase was seen both for selective uptake by Ad-Null cells and Ad-SRBI cells, although the increase in Ad-Null cells was not statistically significant in repeated experiments. The increase in SR-BIdependent selective lipid uptake by insulin suggests that the efficiency of hepatic selective lipid uptake may be significantly dependent on insulin and its downstream signaling components. Taken together, these results show that PI3K activity correlates with selective lipid uptake and that insulin, a potent activator of PI3K, stimulates this process.
PI3K Regulates SR-BI Cell Surface Expression
To assess whether PI3K activity affects the subcellular localization of SR-BI and thereby selective lipid uptake as shown in Figure 3A , we assessed the levels of cell surface SR-BI by 125 I-labeled HDL binding to cells at 4°C. Binding was carried out after a preincubation of cells with or without inhibitors. The extent of binding at 4°C closely correlated with the relative rates of selective lipid uptake ( Figure 3B ). Thus, insulin increased 4°C binding of 125 I-HDL in both the Ad-Null cells and Ad-SRBI cells ( Figure 3B ), which was inhibited by wortmannin. However the differences in the Ad-Null cells were not significant. The presence of wortmannin during the 4°C binding period only did not affect HDL binding, indicating that the observed effects of the inhibitor were not cause by a direct effect on the interaction of HDL with SR-BI (data not shown). In addition, wortmannin pretreatment significantly decreased the binding of fluorescently labeled Alexa-HDL to control cells and SR-BI overexpressing cells at 4°C, as assessed by fluorescence microscopy ( Figure 3C ). Taken together, these results indicate that PI3K inhibition decreases HDL binding to cell surface receptors, whereas insulin promotes cell surface binding to SR-BI. Such changes in cell surface expression of SR-BI correlated with changes in selective lipid uptake.
To assess whether altered HDL binding results from changes in the number of cell surface SR-BI receptors, cell surface receptor levels were measured directly by cell surface biotinylation. Biotinylation was performed after PI3K activation (insulin) or inhibition (wortmannin and LY294002). In agreement with our 4°C binding data, PI3K activation increased cell surface expression of SR-BI compared with untreated controls, both in control cells and SR-BI overexpressing cells (Figure 4) . In contrast, PI3K inhibitors, both in the absence and presence of insulin, markedly decreased the number of receptors at the cell surface. Total SR-BI levels in cells were unchanged by the different treatments, indicating that the observed changes in SR-BI at the cell surface were not caused by changes in total cellular SR-BI. These data demonstrate that the subcellular distribution of SR-BI is regulated by PI3K and that PI3K activation results in increased expression of SR-BI at the cell surface.
Insulin and HDL Induce Redistribution of SR-BI in a PI3K-Dependent Manner
To further study PI3K-induced redistribution of SR-BI, the subcellular distribution of EGFP-SRBI was analyzed by confocal microscopy. EGFP-SRBI, containing an N-terminal GFP tag, was previously shown to exhibit normal SR-BI-type ligand binding, selective lipid uptake, and subcellular distribution in Chinese hamster ovary cells. 9 EGFP-SRBI or the EGFP vector alone were transfected into HepG2 cells by electroporation. Forty-eight hours after transfection, cells were serum starved for 3 hours to minimize PI3K activation. Cells were then incubated in serum-free media containing insulin, HDL, or both in the presence or absence of wortmannin. As shown in Figure 5A , EGFP-SRBI was found widely distributed throughout the cytoplasm in serum-starved cells. Strikingly, incubation for 60 minutes with either insulin or HDL resulted in a marked redistribution of the bulk of EGFP-SRBI to the cell surface. Wortmannin blocked this redistribution. In contrast, cellular localization of EGFP alone, which was distributed throughout the cytoplasm in serum-free medium, was unaffected by insulin ( Figure 5A ) or HDL (not shown), thereby excluding artificial effects such as oligomerization of the EGFP moiety with the various treatments. Translocation to the membrane by insulin was rapid and could be observed by 15 minutes and was almost complete by 30 minutes ( Figure 5B ). Translocation by HDL was slower and approached completion only after 60 minutes. When added together, insulin and HDL caused almost complete membrane recruitment of SR-BI after 15 minutes, suggesting an additive effect. To rule out possible artifactual receptor behavior caused by the EGFP tag, we also studied the subcellular localization of untagged SR-BI by immunostaining after the same experimental treatments. Immunostaining of SR-BI yielded similar findings as those obtained with EGFP-SRBI (data not shown).
Together, these results demonstrate that the plasma membrane localization and activity of SR-BI in hepatocytes is dependent on PI3K activity and provide an explanation for our finding that insulin increased SR-BI selective lipid uptake from HDL.
Discussion
In this study, we describe the involvement of PI3K in the post-translational regulation of SR-BI activity in HepG2 cells. The major findings presented are: (1) PI3K activity strongly affects cell surface expression of SR-BI through the regulation of receptor subcellular localization; (2) insulin and the SR-BI ligand HDL both strongly enhance cell surface expression of SR-BI in a PI3K-dependent manner, whereas SR-BI is largely localized intracellularly under conditions of serum starvation; and (3) increased cell surface expression of SR-BI by insulin increases selective cholesterol ester uptake from HDL. The current findings suggest that PI3K-dependent post-translational regulation of SR-BI in hepatocytes may play an important physiological role in the liver by influencing a key final step in the reverse cholesterol transport pathway.
SR-BI is subject to transcriptional as well as posttranscriptional control. 13 Transcriptional regulation includes hormonal regulation in steroidogenic tissues, such as by corticotropin (ACTH) in adrenal parenchymal cells, estrogen in ovarian cells, and gonadotropin in Leydig cells. Hepatic SR-BI is transcriptionally regulated in response to a number of signals, including dietary plant polyunsaturated fatty acids, estrogen, and proinflammatory stimuli including lipopolysaccharide, tumor necrosis factor ␣ and interleukin-1. 13 Posttranscriptional regulation of SR-BI has also been suggested by numerous findings showing a lack of correlation between receptor protein and mRNA levels in hepatocytes. 13 SR-BI stability was shown to be dependent on cellular expression of PDZK1, a tissue specific adaptor protein with 4 PDZ domains. 24 In cells lacking PDZK1, SR-BI fails to be transported to the cell surface and is subject to increased degradation. 24, 25 Whether this PDZK1-dependent mechanism of SR-BI trafficking is subject to physiological regulation is not known. Another interesting, albeit unresolved, regulatory mechanism is the induction of post-translational degradation of SR-BI by fibrates. 26, 27 Although fibrates decrease PDZK1, evidence indicates that the regulation of hepatic SR-BI by fibrates is not through its effects on PDZK1. 27 Our study highlights a post-translational regulatory mechanism whereby receptors are translocated to the cell surface after PI3K activation. Similar findings were recently reported for SR-BI localization in adipocytes, where SR-BI expression at the cell surface of 3T3-L1 mouse adipocytes was shown to increase in response to insulin and angiotensin II. 21 Mobilization of SR-BI to the cell surface was shown to increase the uptake of 22-(N-7-nitrobenz-2-oxa-1,3-diazo-4-yl)-amino-23,24-bisnor-5-cholen-3-ol (NBD cholesterol) from HDL, but effects on selective lipid uptake were not studied.
The mechanism involved in PI3K-dependent cell surface localization of SR-BI is not yet clear. PI3K activity is associated with a variety of cellular events, dependent on the particular activation signal and on the cellular context. 19 A major role of PI3K is its involvement in endosomal membrane traffic. 19, 20 For example, PI3K inhibition slowed degradation of the PDGF receptor after ligand stimulation and also slowed recycling of the transferrin receptor to the plasma membrane. 19 Wortmannin inhibition of PI3K in polarized cells was also found to inhibit transcytosis. 28 Evidence suggests that PI3K inhibition affects trafficking early in the endocytic pathway as well as the process of inward vesicularization that is responsible for the formation of multivesicular bodies present in later stages of the endocytic pathway. 19 PI3K functions in these processes by promoting the generation of 3Ј-phosphoinosides that serve as binding sites for proteins containing structural motifs, including PH, FYVE, and PHOX domains, which recognize 3Ј phosphoinositides. 20, 29 A classic example of a protein where trafficking to the cell surface is highly regulated by PI3K is the insulin responsive glucose transporter-4 (GLUT-4). 20, 30 Insulin activates PI3K through auto-phosphorylation of the insulin receptor that in turn activates a series of downstream proteins, including insulin receptor substrates (IRS proteins 1 and 2) that activate PI3K. This leads to the activation of certain intracellular signaling molecules such as PDK1 and Akt at the plasma membrane, which in turn promote GLUT-4 trafficking to the cell surface. In insulin resistance, one of the reasons for the inability of GLUT-4 to traffic to the cell surface is decreased PI3K activation because of the failure of IRS proteins to activate PI3K. 31, 32 Similarly, our studies indicate that insulin regulates cell surface expression of SR-BI and consequently selective lipid uptake. Although insulin activates signaling cascades in addition to PI3K, our finding that wortmannin blocked insulin stimulation of SR-BI cell surface expression indicates the dependency of this effect on PI3K.
Our finding that SR-BI function is dependent on PI3K activity suggests that under conditions of reduced PI3K activity, such as found in insulin-resistant states, [31] [32] [33] SR-BIdependent clearance of HDL cholesterol may be significantly compromised because of decreased cell surface receptor expression. Although this requires more thorough investigation, there is suggestive evidence supporting such a hypothesis. The unusual dyslipidemia characterized by increased, large cholesterol ester-rich HDL particles (HDL1) in the severely insulin-resistant mouse models of obesity, leptindeficient (ob/ob) 34, 35 and leptin receptor-deficient (db/db) mice, 36,37 might be explained by decreased SR-BI-dependent HDL lipid clearance attributable altered subcellular distribution of SR-BI. Defective hepatic HDL selective lipid uptake has, in fact, been shown in ob/ob mice. 34 HDL binding to hepatocytes from ob/ob mice was reduced when compared with control mice despite, interestingly, similar hepatic SR-BI protein levels in the 2 mouse strains. 34 In another study, SR-BI levels were reported to be altered in ob/ob mice in comparison to control mice. 38 The explanation for the difference between these 2 studies with respect to SR-BI levels is not known. Our results suggest that an altered SR-BI subcellular localization resulting from insulin resistance may or, wortmannin for 45 minutes were cell-surface biotinylated as described in Methods, and the cell surface receptor was analyzed using 50 g/mL (Ad-Null) and 25 g/mL (Ad-SRBI) of total cell protein/lane. The 2 blots were exposed for different times. The 2 blots showing total cell SR-BI (25 g for Ad-Null and 10 g for Ad-SRBI) were also exposed for different times.
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account for the reduced activity of SR-BI in ob/ob mice. Leptin administration reversed the abnormal plasma lipid profile and defective HDL catabolism in ob/ob mice, 34 and we propose that this may be because of the known ability of leptin to activate PI3K and improve overall insulin sensitivity. 39, 40 Clearly, a reduction in SR-BI-mediated selective uptake in response to reduced PI3K activation may potentially lead to a reduction in reverse cholesterol transport and consequently increase the risk for atherosclerosis.
In conclusion, our findings demonstrate that PI3K plays a key role in the trafficking and plasma membrane localization of SR-BI in hepatocytes that is necessary to facilitate SR-BImediated selective cholesterol ester uptake from HDL. Such post-translational regulation of SR-BI, for example by insulin, may influence the rate of reverse cholesterol transport to the liver as well as other SR-BI-mediated functions, such as its role in chylomicron clearance, lipopolysaccharide uptake, and cholesterol efflux. The importance of PI3K activation for SR-BI function demonstrates the need to understand how other signaling molecules may contribute to this regulatory process. Activation of SR-BI function by insulin suggests possible cross-talk between signaling pathways regulating lipoprotein and carbohydrate metabolism.
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This work was supported by an American Heart Association Established Investigator Award and National Institutes of Health (NIH) Figure 5 . Effects of insulin, HDL, and PI3K inhibitors on plasma membrane SR-BI. HepG2 cells were electroporated with vectors EGFP-SRBI or EGFP using nucleofector (Amaxa) and used after 48 hours after transfection. A, Cells were first serumstarved for 3 hours followed by treatments as indicated. Paraformaldehyde-fixed cells were analyzed by confocal microscopy. B, The time-course of SR-BI translocation by insulin, HDL, or insulinϩHDL. After serum deprivation (3 hours), cells were treated with insulin, HDL, and (insulinϩHDL) with or without wortmannin for the indicated times. The images were captured by confocal microscopy after fixation as described above.
